An attempt is made to integrate recent continental seismic reflection, refraction, and geologic observations into a unified scheme of craton evolution.
(1) Nascent continental crust of basaltic bulk composition is produced in island arcs. As with oceanic crust, Moho in this setting lies within the magmatic edifice and corresponds to a downward transition from dominantly mafic cumulate rocks above to dominantly ultramafic cumulates below. The petrologic crust/mantle boundary, lying -25 per cent deeper in the lithosphere, has no seismic expression, and corresponds to a depositional/magmatic contact between cumulate ultramafic rocks above and residual mantle (ultramafic tectonite) below. Both contacts are presumably extensively disrupted by magmatic injection.
(2) Island arcs are amalgamated into continents at collision zones. Delamination of the lower mafic/ultramafic portion of the crust along with the mantle lithosphere during 'hard' collisions acts as a mechanical refining process that pushes the bulk crust toward intermediate composition.
(3) Subsequent extensional collapse of the overthickened crust together with thermal re-equilibration of the lithosphere results in 'youthful' stable continental crust, which is -30 km thick with its top surface awash at sea level and has the bulk composition of andesite. This crust characteristically exhibits extensional features (half grabens) in the upper portion, and is prominently laminated in the lower portion due to the injection of modest amounts of basaltic magma in the form of sills during delamination. The Moho and petrologic base of the crust coincide in this setting and can correspond to either a ductile high-strain zone or intrusive contact separating mafic/intermediate composition material above from fertile mantle (Iherzolite) below.
(4) Subsequent 'cratonization' is the cumulative effect of episodic injection of the crust by mafic magma at intervals of hundreds of Myr (as manifest by the ubiquitous overlapping dike swarms of the Precambrian shields). This results in net long-term thickening of the crust by underplating, shifts the bulk crust back toward mafic composition, periodically produces a new deeper Moho and petrologic crust/mantle boundary that do not coincide, and through repeated dike injection disrupts pre-existing laminated reflectors. The first magmatic injection event 'sweats out' the light melting fraction in the pre-existing andesitic crust, producing voluminous granitic magmatism typified by the great Proterozoic anorogenic granite/rhyolite provinces. Subsequent injection events into refractory crust produce uplift with attendant erosional denudation of supracrustal sequences. The cumulative result is shield-type crust in which intermediate crustal levels are exposed over wide areas, crustal thickness commonly exceeds 40 km, average crustal velocity is somewhat higher than in younger stable crust, and the crust is commonly complexly reflective/diffractive throughout.
INTRODUCTION
In this paper an attempt is made to view existing continental seismic reflection and refraction results within the framework of a unified theory of craton evolution--cratons being the end stage in the long-term evolution of continents. The scheme presented is necessarily highly oversimplified, touching as it does on such diverse topics as the composition of island arcs and continents, lithospheric delamination, and magmatic underplating. Many of the elements are controversial, and no doubt part or all will require modification as time goes on. The scheme is also unabashedly uniformitarian in that it proposes to create all continential lithosphere through processes that are either observed or hypothesized to have occurred throughout the bulk of Earth's history. In particular processes distinct in kind or degree producing distinctly different continential crust in the Archean are not called upon.
Moho terminology
It has lately become widely recognized that the Moho within the continental lithosphere, as classically identified from seismic refraction experiments, probably does not correspond uniquely with the base of the crust defined petrologically (e.g. White 1988) . That this is the case within oceanic lithosphere has been recognized for some time on the basis of ophiolite studies, which indicate that the Moho beneath the oceans lies within the magmatically produced oceanic crust (downward transition from cumulate mafic to cumulate ultramafic rocks), whereas the base of oceanic crust defined petrologically lies several kilometres deeper and does not have seismic expression (boundary between cumulate ultramafics rocks and underlying residual harzburgite) (e.g. Casey et al. 1981) . Ophiolite workers coined the term 'seismic Moho' for the upper boundary and perhaps unfortunately, 'petrologic Moho' for the lower (Malpas 1978) . While this terminology has become entrenched within the marine community, it has not in general been applied on the continents-perhaps due to the understandable intransigence of classical seismologists. Here I follow the suggestion of White (1988) and reserve the term 'Moho', without modifier, for the seismically defined velocity boundary or steep velocity gradient between material above having average P-wave velocity less than about 8 km s-' and material below having greater average P-wave velocity. The terms 'crust/mantle boundary' and 'base of the crust' are used interchangably in a genetic sense to denote the boundary between material above (crust) which is regarded ultimately as having been derived by magmatic processes from the mantle, and the mantle below which is regarded in a large sense as being the reservoir from which that crust was derived. The time-varying relationship between these two boundaries during continental evolution is a central theme of this paper.
ISLAND ARCS
It is widely held that most of the new continental crust being added to the Earth's surface today is produced in island arcs (e.g. Hamilton 1981; Dewey & Windley 1981; Reymer & Schubert 1984) . However, since the advent of plate tectonics there has been ongoing debate about whether the bulk composition of this new crustal material is essentially that of andesite or basalt (cf. Jakes & White 1971; Miyashiro 1974) . Until recently the andesite hypothesis was perhaps the more popular because of the preponderant exposure of this rock type in modern island and continental margin volcanic arcs, and because this composition matches that which has been deduced for the continents as a whole (discussed subsequently). The latter inference bolstered the former in that both fit neatly into the 'andesite model' for continental evolution, wherein the continents are viewed essentially as amalgamations of islands arcs, themselves composed primarily of andesite or its plutonic equivalent (Taylor & White 1965; Taylor & McLennan 1985) .
In recent years it has become increasingly apparent that the bulk composition of new crustal material being formed in island arcs is not andesite but rather basalt. This conclusion is based on the recognition that basalt is the predominant rock type erupted in primitive oceanic island arcs (e.g. Miyashiro 1974) , on fractional crystallization studies in island arcs relating eruptive products to entrained primitive xenoliths (e.g. Conrad & Kay 1984) , mass balance considerations in island arcs (Kay & Kay 1985) , and on direct observation of what is widely regarded to be an obducted island arc section in the Pakistan Himalaya (Kohistan complex-Bard 1983; Coward et al. 1982; Hamilton 1988) .
Here the view of Kay & Kay (1985) is followed (Fig. 1A) ; the magma crossing the crust/mantle boundary beneath island arcs, is presumed to have the composition of olivine tholeite or perhaps picrite. In the case of oceanic arcs this magma is, at least in the early stages of arc growth, intruded into pre-existing oceanic crust which also has basaltic bulk composition. Initial precipitation of olivine and pyroxene drives the liquid composition toward high-alumina basalt and produces ultramafic cumulates that accumulate near the base of the crust. Since the latter have seismic velocity and density indistinguishable from the deeper mantle below, they lie beneath the Moho (Hamilton 1981) . The high-alumina basalt magma which crosses the Moho contributes to the mass of the seismically defined crust, crystallizing either as basalt or gabbro, or undergoing further fractionation to produce more silicic differentiates.
In this view oceanic island arc crust and true oceanic crust are grossly comparable. In both types the base of the crust is a geophysically cryptic boundary between ultramafic cumulate rocks above and 'residual' mantle below (ultramafic tectonite), and in both types the Moho lies a considerable distance above the base of the crust and corresponds to an upward transition from dominantly ultramafic cumulate rock below to mafic cumulate rock (gabbro) above. The essential difference between the two is that in oceanic crust both the base of the crust and Moho are static once frozen in at a mid-ocean ridge, whereas in island arcs both boundaries continuously evolve and deepen as new material is added to the arc. Fractional crystallization models for Aleutian magmas suggest that roughly 25 per cent of the new material added to arc crust crystallizes below the Moho (Conrad & Kay 1984) . While this figure is critically dependent on the composition of the primitive liquid entering the base of the arc, and may vary with time, it is at least grossly comparable to the proportion of cumulate ultramafic rocks in oceanic crustal sections. In continental margin arcs mantle derived melts are emplaced into pre-existing continental crust. Anatexis of that crust contributes to the production of voluminous intermediate to silicic melts, the frozen remnants of which comprise the bulk of the middle and upper crust in exposed continental margin arc sections (e.g. Sierra Nevada batholith -Hamilton & Myers 1967; Hamilton 1988; Saleeby 1990 ). As with oceanic island arcs, however, the bulk composition of new material added to the crust in this setting is considered to be basaltic.
COLLISIONS
The fate of islands arcs is to collide with other island arcs or larger continental land masses. This has three fundamental consequences for the evolution of continental lithosphere:
(1) island arcs are amalgamated together at collisional orogens to form larger continental masses; (2) lithospheric delamination during 'hard' arctcontinent or continent/ continent collisions removes the mantle lithosphere and a portion of the lower crust from beneath these orogens; and (3) the overthickened crustal welts formed during collision ultimately collapse when the plate boundary forces supporting them relax.
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That island arcs are amalgamated onto (or into) continents is a necessary consequence of plate tectonics (e.g. Hamilton 1979 ) and needs no further discussion here.
Delamination
The concept of lithospheric delamination during collision is, on the other hand, a newer idea that is currently evolving within the Earth science community. The idea was originally promoted by Bird (1978) as an explanation for simultaneous crustal melting and uplift in the Himalaya. As outlined by him, delamination denotes the separation and foundering of the mantle portion of the lithosphere beneath an active collision zone. This, it was argued, should result in rapid heating of the crust due to advection of hot asthenosphere directly against the base of the crust, and rapid uplift due to the isostatic effect of replacing relatively dense mantle lithosphere with less dense asthenosphere. Using a simple lithosphere rheology model in which quartz controlled the strength of the crust and olivine that of the mantle, he argued that detachment would occur in a low strength zone at the base of the crust. Later he proposed the same mechanism to explain Cainozoic uplift of the Colorado Plateau (Bird 1979) , and subsequent authors have promoted variations on the concept as at least a possible explanation for 'excess' topography in virtually all collisional mountain belts and plateaus (e.g. Houseman, McKenzie & Molnar 1981; Turcotte 1983; Dewey 1988; England & Houseman 1989) .
Here it is argued that delamination is indeed a common occurrence in collisions, that it involves both the mantle portion of the lithosphere and a significant portion of the lower crust, and that it is a critical step in the chemical evolution of continental lithosphere. This statement is based on present knowledge of the bulk composition of continental crust verses that of island arcs, recent deep seismic reflection results in active collisional belts, and lithospheric strength arguments.
Considering the first of these, Taylor & McLennan (1985, p. 64) state that 'all estimates of continental crustal bulk composition, whether based on geophysical, geological, or geochemical parameters, agree that the composition is more silica-rich than that of basalt. The consensus is that the bulk crust has a silica content of about 60 per cent.' In reality the primary independent constraint on the bulk composition of the continental crust above Moho is mean crustal velocity derived from seismic refraction and wide angle reflection experiments. This varies worldwide from as little as 5.8 kms-' to a maximum of 7.0 kms-' but is strongly centred around 6.3 km s-', which indeed corresponds to a quartzofeldspathic rock of intermediate composition (Smithson, Johnson & Wong 1981; Wever & Sadowiak 1989) . Therefore, given that the composition of juvenile continental crust formed in island arcs is basaltic, some subsequent process is required to push the bulk continental crust toward more silicic comDosition.
Delamination of the lower mafic and ultramafic portions of the crust, along with the mantle lithosphere, during 'hard' collisions is a reasonable candidate (Fig. IB) . The term 'hard' is included because for crustal delamination to occur, the collision must be forceful enough to depress the lower crust to a depth where it converts to eclogite. Experimental results suggest that this transition occurs at about 50 km depth (Wood 1988) . Conversion of a substantial portion of the lower crust to eclogite will cause it, and its attached mantle lithosphere, to become gravitationally unstable with respect to the underlying asthenosphere. The two would then be expected to founder as a unit, leaving the relatively silicic upper crust behind. As argued by Bird (1978) , detachment is likely to occur at the lithospheric weak zone coinciding with the deepest extent of significant quartz in the crust. However, given the island arc model presented above, this should be at the top of the mafic lower crust rather than the deeper pre-existing Moho. Strength within the mafic lower crust is likely to be controlled by plagioclase prior to eclogitization and pyroxene after, both of which are substantially stronger than quartz at the relevant pressures and temperatures (Kirby 1983) . In essence then, delamination during collision acts as a mechanical refining process that pushes the bulk composition of continental crust toward intermediate composition.
Support for elements of this scenario is provided by recent deep seismic reflection and refraction results in actively colliding orogens. In particular new NFP and ECORS deep reflection lines show unequivocally that the exterior basement massifs and Pennine zone in the Alps are detached at approximately the mid-crust, and are sliding over the seismically laminated lower crust of northern Europe (Pfiffner et al. 1988; Nickolas et al. 1990 ).* ECORS deep reflection data in the Pyreness similarly show that the internides of that belt are detached in the mid-crust (Choukroune & ECORS Team 1989) . In neither case is this direct evidence that the lower crust and its attached mantle lithosphere are actually foundering into the deeper mantle (i.e. delamination). However, as both Butler (1986) and Laubscher (1988) have pointed out the present crosssectional area of the crust beneath the Alps, deduced from reflectionlrefraction data, is considerably less than would be predicated based on palinspastic restoration of the surface geology. Evidently a large volume of material beneath the Alps, that used to lie above the Moho, has from a geophysical point of view been converted into mantle. Both authors suggest eclogitization of the lower crust as the means to accomplish this.
OROGENIC COLLAPSE
In the case of the Alps, teleseismic data indicating the presence of a deep lithospheric root (Babuska, Plomerova & Silen'y 1988) , and the paucity of Cainozoic igneous activity (low heat flow) imply that delamination of the eclogitized lower crust and its attached mantle lithosphere has not yet occurred. When it does the belt may be expected to undergo rapid terminal uplift accompanied by crustal melting (development of 'collisional granites') and extension in the upper crust (Dewey 1988) . During or subsequent to this event, when the plate boundary forces driving the collision ultimately relax, the structurally overthickened crustal welt will collapse under its weight.
When this process is complete, and the underlying mantle lithosphere has reached thermal equilibrium, the result will be 'youthful' stable continental crust (Fig. 1C) . This type of * NFP = Schweizerischer Nationalfonds (Switzerland), ECORS = Etude de la Croute Terrestre par Sismique Profonde (France). extensional strains less than or equal to the regional strain.
Neither rotation of pre-existing layering nor the development of secondary mineral foliation would be expected to produce well-organized reflectors at such a low value of strain. This inference is supported by deep reflection studies on passive margins which show that lower crustal reflectivity does not, in general, become enhanced or thicker with increasing proximity to rifted margin edges (increasing crustal stretching). Beneath both the Western Approaches and Bay of Biscay margins, which are perhaps the best documented examples to date, the lower crustal reflectivity thins systematically toward the margin edge, in conformity with the total crustal thinning (Bois & Courtillot 1988) , implying that at least in these areas the lower crustal reflective zones were pre-existing features that deformed passively during Mesozoic rift-related extension. Finally, while mineral foliation can in principal produce reflections given a high enough degree of preferred orientation (high strain), to be effective the mechanism requires that some form of mica be a major constituent of the rock in order to produce substantial reflection coefficients (-0.1). The other major rock forming minerals simply do not have large enough intrinsic velocity anisotropy (Christensen 1982) . While micas are a common constituent of mylonites in the middle and upper crust, exposures of high-temperature mylonites in explosed deep crustal sections such as the Ivrea zone (Zingg 1983; Brodie & Rutter 1987) suggest that this is not, in general, the case in the deep crust.
The principal argument against cumulate layering is simply the observation that oceanic layer 3 is not particularly reflective (e.g. NAS profiles report by McCarthy et al. 1988); and finally, on mechanical grounds it appears unlikely that large volumes of free fluid having substantially lower density than the surrounding country rock can be trapped in the lower crust (Warner 1990b) .
While none of these arguments is definitive, taken together they provide strong circumstantial support for the view that disseminated mafic sills in the lower crust are the primary cause of the enhanced lower crustal reflectivity in 'young' stable crust. A reasonable hypothesis is that these sills are injected during collisional delamination. As asthenosphere is advected upward to replace the foundering lithosphere, it may be expected to undergo decompression melting producing basaltic liquids ( Warner 1990a, b) , and as will be argued subsequently; (3) they are appropriate for the tectonic environment. The primary argument against the stretching fabric hypothesis is simply that in most of the areas in question, the regional extensional strain ( p ) suffered by the crust is probably less than two. § Transposed lithologic layering and micaceous foliation in rocks that have suffered orders of magnitude higher strain than this (e.g. mylonite zones) can of course produce reflections, and if the lower crustal reflectivity were restricted to discrete features separated by much wider unreflective zones, this would be a viable interpretation. However, in general, the lower crustal reflectivity is disseminated over a substantial thickness of the lower crust and is areally extensive over tens of thousands of k d , implying that most of the rocks in question suffered tln the latter two examples the lithosphere is still hot (thin) and hence their top surfaces have not yet subsided to sea level. $ More precisely these should be termed subhorizontal tabular intrusions, since they may cut across pre-existing lithologic layering. 
Massive magmatic underplates
If one allows the sill hypothesis for enhanced lower crustal reflectivity then a simple but important corollary ensues: whereas modest mafic magmatic addition to the crust in the form of discrete sills will produce a prominently reflective lower crust, massive magmatic addition will produce a thick seismically transparent underplate having mean P-wave velocity in excess of 7 km s -I . An example of the latter situation is affored by the Hatton Bank margin, which was subject to voluminous basaltic magmatism during Early Tertiary rifting. Wide-angle reflection profiles described by White et al. (1987) demonstrate that the lower half to two thirds of the crust beneath this region is composed of material exhibiting P-wave velocity between 7.3 and 7.4 km s-I. This is reasonably interpreted by them to be a massive gabbroic underplate on the basis of its high seismic velocity and tectonic setting. Good wide-angle reflections are observed from the top and bottom (Moto) of this high-velocity zone, but internally it appears relatively unreflective presumably due to its massive nature. Similar high-velocity lower crustal units have been recognized beneath other rifted margin edges (e.g. Baltimore Canyon T r o u g k L A S E Study Group 1986; Carolina TroughTrehu et al. 1989) and beneath intacratonic rifts (e.g. Mooney el al. 1983), though as yet the internal reflection character of these other examples has not been adequately described.
CRATONS
As used here the term craton denotes those portions of the continents that were stabilized during Precambrian time and have remained substantially undeformed since. The interior of North America between the Appalachian and Rocky Mountain thrust fronts, Baltic shield, Siberian platform, and eastern Antarctica , are examples. While there is almost certainly a continuum between the two, in general available seismic reflection profiles from cratonic regions look somewhat different than those from youthful stable regions. In particular the depth of Moho is generally greater in cratonic regions (typically >40 km versus 30 km for young stable crust), and the crust exhibits more complex and variable patterns of reflectivity, rather than being ubiquitiously laminated in the lower portion and unreflective above (Fig. 2) . The Moho in cratonic regions also exhibits a more variable character, in some areas appearing as a gradational downward cessation of reflectivity, and in others 9 BIRPS = British Institutes Reflection Profiling Syndicate (UK).
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-S.L. (Fig. 2) . Since both crustal types reside in isostatic equilibrium with their top surfaces approximately at sea level, the question arises as to whether the lack of elevation differential between the two can be accounted for solely by the somewhat higher apparent density (velocity) of the thick cratonic crust relative to the thinner young crust ('Pratt-type' compensation). Reference to laboratory velocity/density data for intermediate through ultramafic composition rocks (Christensen 1982) indicates that this may well be the case; however, the intrinsic scatter in the laboratory data is such that partial compensation within the mantle cannot be excluded. In either case, while there is undoubtedly a continuum of crustal thickness and mean velocity values, on average cratonic crust is roughly 40 per Cent thicker and 6 per cent faster than crust stabilized in Late Palaeozoic or more recent time. This is a fundamental observation that was not apparent in earlier less comprehensive compilations.
There are basically two ways to view this observation. Either somewhat denser and therefore correspondingly thicker crust was produced in Precambrian orogens, or some process has acted long term to thicken the crust by the addition of relatively dense material. The first alternative seems unlikely because if the full thickness of cratonic crust were in place at the time of stabilization, subsequent longterm thickening of the lithosphere would be expected to produce long-term subsidence, which in turn would be manifest in a thick sedimentary cover on the cratons. In reality, most Archean shields have been considerably eroded subsequent to their initial stabilization, and most of the younger Proterozoic cratonic regions are either exposed or covered by only relatively thin platform sedimentary assemblages. Hence the latter alternative is preferred. Some process has acted long term on cratonic crust to thicken it and shift it back toward somewhat denser bulk composition. This is a critical step in the evolution of cratons.
Ma6c dike swarms and 'cratonization' by underplating
The ubiquitous mafic dike swarms of the exposed Precambrian shields provide the clue to this process. Virtually all of the Earth's exposed shields are riddled by overlapping sets of post-orogenic basaltic dikes (see for example papers in Halls & Fahrig 1987 , and maps therein). Individual dike swarms commonly cover thousands of km2, and are separated in time by tens to hundreds of millions of years. In the Canadian shield, for example, some 43 individual swarms ranging in age from 2.6 to 0.575 Gyr have been identified, the largest of which, the MacKenzie dike swarm, crops out over at least a million km2 (Fahrig & West 1986) . With the exception of the youngest swarms, that are clearly associated with rifting, the tectonic setting of most Precambrian dike swarms is not clearly understood. Hoffinan (1989) , following Anderson (1982), has proposed an attractive hypothesis wherein they represent melts derived from upwelling mantle beneath supercontinents that have periodically assembled and then rifted apart throughout Earth's history. Alternatively they might simply represent random injection events that occur when continental lithosphere drifts across a site of mantle upwelling.
In any case, while the dike swarms in and of themselves do not constitute a significant volume, I suggest they do represent the surface manifestation of episodic, areally extensive underplating of the continental crust. As noted by Tarney & Weaver (1987), the majority of Precambrian dikes are iron-enriched quartz tholeiites implying considerable residence in crustal or subcrustal magma chambers. The obvious place to put these magma chambers is at the base of the crust. The relatively thicker, high-velocity lower crust in cratonic regions would be the primary geophysical manifestation of this underplate.
In essence, it is proposed that any continental crust, given long enough residence time on the surface of the Earth, will be repeatedly underplated by basaltic magmas. The first major underplating event that post-dates initial stabilization would be expected to cause widespread anatectic melting of the lower crust liberating silicic magmas (Fig. 1D) . The major Proterozoic anorogenic granite/rhyolite provinces, such as that underlying the southcentral United States (Van Schmus, Bickford & Zietz 1987) , are the likely surface manifestation of these early events. The voluminous Permian to Middle Jurassic silicic volcanics of southern South America, the Antarctic Peninsula, and eastern Australia that erupted through previously accreted arc terranes comprising the southern margin of Gondwana may be a more recent example (Choiyoi sequence and its equivalents; Kay, Ramos & Sruoga 1989) . Along with redistributing the light melting fraction within the pre-existing crust, new mafic material is added to the base of the crust, thereby establishing a new deeper Moho and yet deeper crust/mantle transition. Voluminous dike injection into the overlying pre-existing crust also disrupts preexisting lithologic layering and produces numerous point diffractors.
Subsequent underplating events continue this process, episodically re-establishing new deeper Mohos and crust/mantle transitions, and further injecting the preexisting crust with mafic dikes. Since the light melting fraction has previously been removed from the lower crust, these subsequent events do not produce significant anatexis. However, they do produce episodic isostatic uplift due to crustal thickening, which in turn results in progressive erosional denudation of the granite/rhyolite provinces and any underlying supracrustal sequences. The end result of successive episodes is 'refractory' shield-type crust in which crystalline basement (largely tonalite gneiss) riddled with mafic dikes is exposed over wide areas, and the lower one third to one half of the crust (above Moho) is composed of a composite gabbroic underplate exhibiting P-wave velocity grater than 7 km s-l (Fig. 1E) . The maximum Moho depth attainable through this process may be limited by the gabbroleclogite phase transition to about 50 km, as evidenced by the fact that Moho depths significantly exceeding this value are not observed within the cratons. Any magmatic additions subsequent to this value having been achieved would result in deepening of the crust/mantle boundary, but not the Moho. In either case the crust would be expected to exhibit a complex pattern of reflectivity determined largely by the varying distribution of postorogenic plutonic bodies within it; most notably mafic dikes-overlapping point diffractions, mafic sills-highamplitude planar reflections, and intermediate to silicic plutons-unreflective zones. Only the very largest orogenic structures are likely to be discernable through this overprint (e.g. some suture zones), and the Moho will commonly appear as a gradual downward cessation of reflectivity in accord with its gradational physical character (either mafic to ultramafic cumulate transition or phase change).
SOME IMPLICATIONS Enposed sections of cmtonic 'lower' crust
One important implication of this model is that so-called exposed sections of the lower continental crust in cratonic regions likely do not expose cratonic lower crust. The intensively studied Kapuskasing structure of the Canadian shield provides a case in point. As with other similar examples, this is an inclined section of metamorphic rocks that increase more or less continuously in grade structurally downward reaching maximum equilibration pressures in excess of 8 kb near the base, which is bounded by a thrust fault (Percival 1988) . Until recently, the structure has been viewed as a relatively simple upthrust exposing roughly the upper two thirds of the Archean crust underlying the region (Percival & Card 1983) . New LITHOPROBE seismic reflection profiles run across the area, however, do not show the basal thrust fault penetrating into the lower crust.
Rather, it appears to flatten at about 3.5s two-way time (-12km depth) within the upper crust (e.g. Fig. 13 of Percival 1988; Geis et al. 1990) . While it is possible that this is simply a 'flat' and the thrust ramps downward into the deep crust outside the area covered by the seismic sections, it is equally possible that the high-grade Kapuskasing rocks are in fact limited to the upper crust in the region. Laboratory seismic velocity measurements on exposed Kapuskasing rocks support this view. With minor exception these rocks exhibit P-wave velocities, corrected for pressure, in the mid-6 km s-' range, which matches that of the upper crust in the region (-0-20 km depth) determined by seismic refraction experiments, but is clearly too low for the +7kms-' average velocity determined for the lower half of the crust (-30-50 km depth) (Fountain, Salisbury & Percival 1990; Boland & Ellis 1989) . Following the scenario outlined above, it may be suggested that the exposed high-pressure suite was metamorphosed in the mid-crust (say 30 km maximum depth) of an Archean orogenic belt that at the time might have been 50-70 km thick. Hence not only are they not representative of the lower crust today, they may never have been lower crust in the sense originally implied. The present lower crust in the region, which lies between about 30 and 50km depth and exibits P-wave velocity in excess of 7.0kms-', may be interpreted as a composite gabbroic underplate that was added subsequent to the collapse of that orogen. The various mafic dike swarms cutting through the region ranging in age from >2.4 to 1.1 Gyr would be the surface manifestation of the underplating events. A similar interpretation might be applied to virtually all deep crustal sections in cratonic regions.
Conductivity in the lower crust
An attractive feature of this hypothesis is that it negates what might be called 'the lower crust conductivity dilemma'-that is, that the lower crust in many cratonic regions is conductive, while the rocks in exposed granulite terranes in general, and supposed upthrust lower crustal sections in particular, are highly resistive (see discussion in Taylor & McLennan 1985) . This observation has led to the somewhat uncomfortable requirement that the causative agent of lower crustal conductivity, and indeed all trace of its existence, be removed from the lower crust when it is brought to the surface (e.g. Woods & Allard 1986). If these exposures are not representative of the lower crust then this difficulty is removed.
Of course this does not solve the problem of lower crustal conductivity. However, it does open up new possibilities. Following on the scenario described above, it may be argued that the conductivity simply represents the trapped volatile content of the magmatic underplate forming the present lower crust. Basaltic magmas typically carry on the order of 1 per cent volatiles (mostly H,O-Carmichael, Turner & Verhoogen 1974) . Hence in principle a 10 km thick basaltic underplate carries the equivalent of a 100111 thick layer of brine into the crust. If even a small portion of these volatiles remain trapped, in an interconnected 'wet' zone at the top of the underplate, they might produce the observed conductivity (Jones 1987 ).
Continental growth rates
Finally, the scheme outlined here has substantial implications for continental growth estimates. Not only does it imply a greatly enhanced role for magmatic underplating as a mechanism of continental growth, it negates one of the fundamental premises of the 'Freeboard Argument' upon which most continental growth estimates are based. In its simplest form the Freeboard Argument states that since the continents have maintained constant freeboard (essentially zero) since the beginning of Proterozoic time, and their thickness has nof changed, then there has been no appreciable growth in continental volume since that time (Wise 1974 ). This assumes a simple isostatic link between the depth of the oceans and thickness of the continents, and constant ocean water volume. Reymer & Schuberts' (1984) recent formulation, which takes into account long-term deepening of the ocean basins resulting from secular decline in mantle heat production, implies that about 75 per cent of the continental crust was in existence at the beginning of the Proterozoic. In either case the prevailing(?) view, based largely on the Freeboard Argument, is that the bulk of the continental crust was produced during the Archean and that the growth rate since that time has been low (Taylor & McLennan 1985) .
As noted, this result is based critically on the assumption that crustal thickness has not changed appreciably through time, which in turn was based on earlier compilations of refraction data that were not as comprehensive as Meissner's recent effort, and which did not differentiate between regions of thick young crust that have not yet decayed to sea level, and thinner stable crust (e.g. Condie 1973 ). If as argued here the crust does change thickness through geologic time, then the result of the Freeboard Argument alters dramatically (Fig. 3) . For example, if it is allowed that the continents were on average 10 per cent thinner at the beginning of Proterozoic time, then their inferred volume would be 65 per cent of present, all else remaining equal (using isostatic constants of Taylor & McLennan 1985) . Adding to this the effect of deepening the ocean basins pushes the figure down to 49 per cent of present, which would imply essentially a linear continental growth rate through geologic time. If greater degrees of crustal thickening are allowed, the growth rate curve quickly becomes concave upward.
CONCLUSIONS
In summary, the following points have been argued.
(1) The Moho and crust/mantle boundary beneath the continents evolve in a predictable manner through the continental evolutionary sequence. At some stages in the sequence they coincide whereas at others they do not.
(2) Lithospheric delamination is a ubiquitous process in collision zones and plays a critical role in the chemical evolution of continental crust, pushing the bulk composition away from mafic toward intermediate composition.
(3) Mafic magmatic additions to the crust are largely responsible for determining its geophysical signature. This includes its gross seismic reflection character, thickness, average velocity, and conductivity structure.
(4) Precambrian cratons are distinct from younger stable crust in terms of seismic reflection character, average velocity, and crustal thickness.
(5) Episodic anorogenic mafic magmatism (underplating) has contributed at least 25 per cent of the total volume of the cratons. Its net affect has been to push the bulk crust back toward more mafic composition.
(6) The ubiquitous overlapping mafic dike swarms of the Recambrian shields are the surface manifestations of these episodic underplating events.
